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The interlayer coupling effects in L10-FePt based pseudo spin valve were investigated through the
reversal behavior and exchange bias properties of the soft L10-FePt layer. The magnitude and sign
of the exchange bias field were highly dependent on the magnetization state of the hard L10-FePt
layer. In the presence of a fully saturated hard L10-FePt layer, the exchange bias effect stemmed
from interlayer interactions due to possible pinholes, Ruderman–Kittel–Kasuya–Yosida or Néel
coupling. With a partially saturated hard L10-FePt layer, stray fields emanated from the domain
walls of the nonuniformly magnetized hard L10-FePt layer also contributed to the overall coupling
strength. © 2011 American Institute of Physics. �doi:10.1063/1.3602320�

Spin valve systems with perpendicular anisotropy have
received much attention due to their intrinsic advantages
over in-plane anisotropy for applications in spintronics de-
vices. Pseudo spin valve �PSV� presents an alternative from
the standard spin valve in that it does not have an antiferro-
magnetic �AF� layer to pin the fixed ferromagnetic layer;
rather two ferromagnetic �FM� layers with different coercivi-
ties are used to control magnetization switching. Achieving
independent reversal of the FM layers, in the absence of a
pinning AF layer, is difficult as mutual interactions between
the FM layers in the PSVs are expected.1,2 There are several
origins to interlayer magnetostatic coupling. Direct interlayer
exchange coupling occurs through the pinholes in the spacer
layer. Indirect oscillatory coupling arises from Ruderman–
Kittel–Kasuya–Yosida �RKKY� interactions. The roughness
of the FM/spacer interface can induce Néel orange peel cou-
pling. Furthermore, since magnetization reversal in perpen-
dicular anisotropy thin films takes place through domain
nucleation and wall propagation, the nonuniform magnetiza-
tion distribution induces local stray fields which contributes
to dipolar coupling.3–8 Such magnetostatic interactions will
directly affect the independent switching of the magnetic lay-
ers and hence the performance of the PSV. Recently, Zha et
al.9 observed an exchange bias behavior as part of the cou-
pling effects in L10 �111�-FePt based PSV with tilted aniso-
tropy. Till date, no such studies have been done on perpen-
dicular anisotropy L10 �001�-FePt based PSV. In addition,
the investigation correlating exchange bias and interlayer
magnetostatic interactions had only considered the effects of
RKKY and Néel coupling. In this letter, the reversal behavior
and exchange bias properties as well as their relationship
with the interlayer magnetostatic coupling, further extended
to include dipolar coupling, will be investigated for L10-FePt
based PSV.

PSV with the structure MgO�001� substrate/L10-Fe50Pt50
�20 nm�/Ag �2.5 nm�/L10-Fe50Pt50 �5 nm� was deposited us-
ing magnetron sputtering system with a base pressure better
than 3�10−7 Torr. In addition to the different thicknesses,
the bottom and top L10-FePt layers were deposited at 450°C

and 300 °C, respectively to ensure a distinction between
their coercivities. Ag spacer layer was deposited at 150 °C
and subsequently postannealed at 300 °C. Crystallographic
structure was studied by x-ray diffraction �XRD�. Magnetic
properties were measured by the vibrating sample magneto-
meter. Surface roughness was investigated using the atomic
force microscope �AFM�. Magnetic domain configurations
were probed with magnetic force microscopy �MFM�.

The presence of the superlattice �001� peak �inset of
Fig. 1� illustrates that all FePt layers in the PSV displayed
well-textured L10-FePt �001� phase. The top free and bottom
fixed L10-FePt layer possessed coercivities of 1.9 kOe and
3.6 kOe, respectively �Fig. 1�. The remanent magnetic con-
figurations of both L10-FePt layers were studied at the inter-
mediate stages of their reversal process. A +20 kOe field
was first applied to fully saturate the sample. Subsequently, a
field between �2 and �8 kOe was applied. AFM and MFM
images were then taken at zero field to study the remanent
magnetic configurations of the layers at different magnetiza-
tion stages along the first half of the hysteresis loop. Figure
2�a� shows the AFM and MFM images of the PSV after
saturation in the +20 kOe field. A poorly contrasted MFM
image mapped closely with its corresponding AFM image. It
was more of a reflection of the topology of the sample sur-
face, suggesting complete magnetization saturation with spin

a�Author to whom correspondence should be addressed. Electronic mail:
msecj@nus.edu.sg.

FIG. 1. �Color online� Hysteresis loop of the L10-FePt
�bottom�/Ag/L10-FePt �top� PSV. The inset shows the �-2� XRD spectrum
�the unlabelled sharp peaks are inherent of the MgO substrate�.
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down configuration in both L10-FePt layers. When a field of
�2 kOe was applied �Fig. 2�b��, reversal of the soft L10-FePt
began with the formation of reversed domains �spin up� fol-
lowed by domain wall propagation �in yellow�. The shape of
the domain walls was determined by two factors. The first
was domain wall elasticity, which tended to straighten the
walls; the second was the presence of pinning sites from
defects which added irregularity to the shape of the domains.
The dendritic shape of the reversed domains observed in the
top L10-FePt was an indication of pinning defects which
blocked the propagation path of the reversed domains. This
was likely created by the structural disorder due to grain
boundaries within the top L10-FePt layer. High temperature
deposition of top L10-FePt promoted grain formation with
diffused Ag preferentially occupying sites along the grain
boundaries.10 Bright white magnetic regions were detected
near or along the reversed domain walls of the top L10-FePt
layer. These were due to the decoration of reversed domains
in the hard layer by the domain walls in the soft layer. The
Bloch walls in the soft layer emanated strong fields to lower
the nucleation field in the hard layer. Combined with the
external field applied to reverse the soft L10-FePt layer, the
total field generated could be high enough to reach the coer-
cive field of the hard L10-FePt, bringing about local reversal
in the bottom L10-FePt.11–13

At a field of �4 kOe, complete reversal of the top
L10-FePt took place and the MFM probed only magnetic
configurations of the bottom L10-FePt. Figure 2�c� shows
bright white regions, indicating similar switching behavior of
reversed �spin up� domain formation and wall propagation in
the bottom L10-FePt. A more contrasted image was obtained
compared to Fig. 2�b� as a stronger perpendicular magnetic
stray field was detected from the thicker bottom L10-FePt.

When applied field increased to �6 kOe �Fig. 2�d��, the pro-
portion of bright regions increased with the propagation of
spin up domains through the structural disorder. Domain wall
shape became spherical instead of dendritic as pinning en-
ergy was overcome with greater applied field. Beyond a field
of �8 kOe �Fig. 2�e��, close to complete saturation of the
bottom L10-FePt layer occurred, as reflected from the poorly
contrasted MFM image.

The influence of the magnetic domain state of the hard
L10-FePt on the magnetization reversal of the soft L10-FePt
was demonstrated through the exchange bias properties of
the minor hysteresis loops. A +20 kOe field was applied to
fully saturate both L10-FePt layers in the same spin down
direction. A field in the range of �0�–��20� kOe was then
applied to attain different magnetization states of the bottom
L10-FePt. A minor loop below the switching field of the hard
magnetic layer, between +3 and �3 kOe, was then cycled.

FIG. 3. �Color online� Minor hysteresis loops of the L10-FePt �bottom�/Ag/
L10-FePt �top� PSV recorded under the influence of the different magneti-
zation state of the bottom L10-FePt, created through applied field of �a� 0,
�b� �4 kOe, and �c� �20 kOe. The dotted line indicates the center of the
minor hysteresis loop; the arrow indicates the direction of the shift in the
minor hysteresis loop. Insets indicate schematically the influence of bottom
L10-FePt on the reversal of top L10-FePt as described in the text.

FIG. 2. �Color online� 2�1 �m2 AFM and MFM images recorded for �a�
completely saturated hard and soft L10-FePt under an applied field of
+20 kOe, �b� partial reversal in soft L10-FePt under an applied field of �2
kOe, �c� partial reversal in hard L10-FePt under an applied field of �4 kOe,
�d� �6 kOe, and �e� close to complete saturation of hard L10-FePt under an
applied field of �8 kOe.
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The system behaved as exchange spring magnets, where the
minor loops exhibited an exchange bias phenomenon �Fig.
3�. The difference between the coercivites in the first and
second quadrants was termed the exchange bias field Hex.

With zero applied field, Hex possessed a negative value
�Fig. 4�. The magnetic moments in both L10-FePt layers
were close to full saturation and aligned in the positive spin
down field direction. The small Ag spacer thickness of 2.5
nm and the relatively large interfacial roughness of 1.1 nm
made contributions from direct coupling through pinholes,
RKKY, or Néel coupling considerable.3,7–10 When the minor
hysteresis loop was carried out, the soft layer �spin down�
had to overcome the magnetostatic coupling of the hard layer
�spin down� in order to switch to an anti-parallel spin up
configuration �inset 1 of Fig. 3�a�� in the second quadrant. In
contrast, reversal of the soft L10-FePt layer �from spin up to
spin down� in the fourth quadrant was assisted by the mag-
netostatic interactions of the hard layer �spin down� �inset 2
of Fig. 3�a��.

With increasing negative field applied, Hex increased and
acquired a positive value. Beyond �4 kOe, the hard layer
coercivity was reached and significant reversal of the bottom
L10-FePt began. Taking the extreme case of �20 kOe with
uniform magnetization of the bottom L10-FePt in the spin up
configuration, the soft layer magnetization experienced
greater resistance to switching when the field for the minor
loop was applied from �3 to +3 kOe direction �inset 2 of
Fig. 3�c�� compared to +3 to �3 kOe �inset 1 of Fig. 3�c��.

Hex peaked in the region of �6 to �8 kOe �Fig. 4�. A
larger shift in the center of the minor loop toward the posi-
tive or negative fields �greater Hex� reflects a greater extent
of the interlayer exchange coupling strength.14 As such,
stronger exchange coupling existed between the L10-FePt
layers with partial reversal of the bottom L10-FePt. In addi-
tion to the interlayer magnetostatic coupling effect, there was
also the influence of stray field dipolar coupling on the top
L10-FePt, induced by the nonuniform magnetization in the
partially switched bottom L10-FePt. Partial reversal of the
hard L10-FePt resulted in numerous spin up nucleation do-
mains �Fig. 2�c��. Stray field created at the vicinity of these
domain walls promoted dipolar coupling between the hard
and soft layers. The spin up field created at the internal bor-
der of the spin up domains assisted the formation and propa-
gation of spin up domains in the soft L10-FePt when the
minor loop was swept from +3 to �3 kOe �inset 1 of Fig.
3�b��. When the minor loop was swept from �3 to +3 kOe,
the magnetic reversal of the soft L10-FePt met with a greater
resistance as stray field from the bottom L10-FePt impeded

the propagation of reversed spin down domains in the top
L10-FePt �inset 2 of Fig. 3�b��. Dipolar coupling strength
would be the strongest when the density of the domain walls
within the hard layer reached a maximum. This occurred
around an applied field of �4 kOe, as seen from the large
domain wall area in Fig. 2�c�. The magnetostatic coupling
strength would be the strongest upon complete saturation of
the hard layer at �10 kOe and beyond. The overall coupling
strength, being an interplay of stray field dipolar coupling
and interlayer magnetostatic interactions, resulted in Hex
peaking in the applied field region of �6 to �8 kOe.

A peak in Hcoercivity also occurred with applied field in
the region of �4 to �6 kOe �Fig. 4�. The stray field emanat-
ing from the partially switched hard L10-FePt layer created a
replication of domains from the hard to the soft L10-FePt
layer. This magnetic disorder impeded domain wall propaga-
tion within the soft layer. A larger applied field was needed
for the domain walls in the soft L10-FePt layer to overcome
the domain wall pinning and propagate across the stray field
pattern.

With complete saturation of the bottom L10-FePt �Figs.
3�a� and 3�c��, the minor loops exhibited high remanence and
rapid magnetic reversal near the coercive field. For an ideal
infinite thin film with complete saturation, single domain ex-
isted and no stray field was contributed by the bottom
L10-FePt. Hence, dipolar interaction between the L10-FePt
layers was minimized and stronger decoupling was achieved.
With partial reversal of the bottom L10-FePt, the minor loop
exhibited sheared behavior and low remanence �Fig. 3�b��.
The switching mechanism of the soft L10-FePt became more
complex as the fringing field from the hard L10-FePt domain
walls caused the domain nucleation field to be locally re-
duced in the soft L10-FePt.13 As such, domain formation oc-
curred nonuniformly within the softer L10-FePt and over a
larger range of applied field.
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